Sperm carbohydrate binding activity is involved in gamete recognition. We identified a human sperm protein extracted under reducing conditions, and with a molecular mass of 65 kDa on sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE), and which binds D-mannose coupled to albumin (DMA) in presence of cations and a neutral pH. Epifluorescence microscopy showed that fluorescein-DMA binds to dead or permeabilized sperm heads. The DMA-binding activity of human sperm heads was highly specific for a polysaccharide structure containing charged sugar residues. After capacitation, or induction of the acrosome reaction using solubilized zonae pellucidae, fluorescein-DMA was bound respectively to 10.3% (⍨ 3.5%) and to 37.6% (⍨ 2.1%) of viable sperm heads. The sequential analysis of viable spermatozoa for fluorescein-DMA binding and for rhodamine-Pisum sativum agglutinin binding, showed that DMA-binding sites are present in viable acrosome-reacted spermatozoa. Three dimensional analysis of fluorescence and ultrastructural studies showed that DMA-binding sites are mostly restricted to the sub-acrosomal space of the equatorial segment. Incubation of spermatozoa and zona-free hamster eggs in the presence of DMA was associated with a dosedependent significant reduction in the number of spermatozoa bound to the oolemma, compared with a control, and to a dose-dependent inhibition of oocyte penetration. This effect was highly specific for DMA, suggesting that DMA-binding sites in human spermatozoa are involved in sperm-egg fusion.
Introduction
Sperm carbohydrate-binding proteins mediate gamete recognition by binding to complex glycoconjugates of the zona pellucida (ZP) in different mammalian species (Macek and Shur, 1988; O'Rand et al., 1988; Chapman and Barratt, 1996) . In the mouse, two different ZP glycoproteins, ZP3 (83 kDa) and ZP2 (120 kDa) are involved in sperm-egg interaction. ZP3 acts as a sperm receptor for acrosome-intact spermatozoa, through O-linked oligosaccharide chain(s) (Florman and Wassarman, 1985) , and triggers the acrosome reaction of bound spermatozoa (Wassarman, 1992) . ZP2 acts as a sperm receptor for acrosome-reacted spermatozoa (Mortillo and Wassarman, 1991) . Mannose oligosaccharide (OS) chains, components of mouse ZP2 and ZP3 (Tulsiani et al., 1992) , may be part of the recognition/binding site(s) for spermatozoa (Cornwall et al., 1991) . Different putative ZP binding proteins were identified in mammals (for reviews, see Topfer-Petersen et al., 1995; Benoff, 1997) acting as lectins or enzymes. A sperm-specific α-D-mannosidase involved in sperm-egg binding (Cornwall et al., 1991) is present in the plasma membranes of rat (Tulsiani et al., 1989) , mouse (Cornwall et al., 1991) and human spermatozoa (Tulsiani et al., 1990) . This enzyme preferentially hydrolyses polymannosylated oligosaccharides of the (Man) n GlcNac-type, cleaving α 1,3-and α 1,2-linked mannose residues. Using a neoglycoprotein formed by D-mannnose coupled to a backbone of albumin (DMA) and then to fluorescein isiothiocyanate (FITC), it has been shown that DMA binding sites (DMA-bs) are expressed in human spermatozoa incubated in free calcium supplemented medium (Benoff et al., 1993a,b; Chen et al., 1995) . DMA-bs are suggested to have a subplasmalemmal storage with an externalization during capacitation and calcium ionophoreinduced acrosome reaction (Benoff et al., 1993a,b) or, alternatively, an intracellular location with externalization during the calcium ionophore-induced acrosome reaction (Chen et al., 1995) . It has been shown that coincubation with DMA reduced the ability of spermatozoa to bind human ZP, suggesting that DMA-bs are operative during fertilization as sperm ligands of ZP sperm receptors (Chen et al., 1995) . The present study aimed to identify the DMA-binding protein (DMA-bp) in extracts of human spermatozoa and to compare its carbohydrate specificity with that of DMA-binding sites localized in the sperm heads. The topography and the ultrastructural distribution of DMA-bs were also analysed in both capacitated and non-capacitated spermatozoa, and in spermatozoa which underwent the acrosome reaction after the incubation with solubilized ZP (Bleil and Wassarman, 1980; Cross et al., 1988) . The potential role of DMA-bs during fertilization was analysed by evaluating the binding and penetration of spermatozoa through the oolemma of zona-free hamster eggs, when gametes were incubated in presence of neoglycoproteins and carbohydrates.
Materials and methods

Reagents
All chemicals were of the highest purity available and were purchased from Sigma Chemical Co (St Louis, MO, USA); Ham's F10 medium was supplied by Gibco (Life Technologies Ltd, Paisley, Scotland, UK); Lowicryl K4M and all chemicals utilized for transmission electron microscopy (TEM) were supplied by Agar Scientific Ltd, Stansted, Essex, UK. The Bio-Rad protein assay was purchased from Bio-Rad Labs SRL, Milano, Italy.
Sperm protein extraction
Ejaculated semen provided by healthy donors of proven fertility were incubated after liquefaction for 15 min at room temperature with an equal volume of phosphate-buffered saline (PBS) containing 4 mMp-aminobenzamidine (pAB), and proteases inhibitors, including 1 µM leupeptin, 1 µM peptastatin, 0.1 mM EDTA, or 1 mM phenylmethane sulphonyl fluoride (PMSF) (PBS-protease inhibitors). Samples were washed by centrifugation at 2000 g for 10 min. The supernatant containing seminal plasma was centrifuged at 10 000 g for 15 min, adjusted to the initial volume, and 500 µl aliquots were stored at -80°C. The sperm pellet was adjusted to a concentration of 200ϫ10 6 spermatozoa/ml with PBS-protease inhibitors and 100 µl aliquots each containing 20ϫ10 6 spermatozoa were stored at -80°C. Frozen sperm samples were incubated for 1 h at room temperature, with 500 µl of a lysis buffer containing 20 mM Tris-HCl, 150 mM NaCl, 0.25% (v/v) Nonidet-P40, 1 mM PMSF, vortexed for 1 min and then left in ice for 30 min. After sonication (five cycles of 30 s each with 1 min interval between each cycle at 12 kHz), samples were spun at 12 000 r.p.m. for 1 min. The supernatant was collected and protein concentration was determined by Bio-Rad Protein Assay based on a dye-binding procedure (Bradford, 1976) . The ultrastructural analysis of pellets obtained after sonication showed disrupted spermatozoa containing fragments of plasma membrane (not shown).
Gel electrophoresis, blot and protein visualization
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to Laemmli (1970) using 12.5% polyacrylamide gels under reducing conditions (1% v/v 2-mercaptoethanol). After electrophoresis, gels were treated with silver staining (Merril et al., 1981) . The proteins were transferred on to nitrocellulose sheets (Burnette, 1981) , which were incubated overnight at 4°C in a blocking solution, 3% w/v gelatin in Tris-buffered saline (TBS), pH 7.4. Following blocking, blots were washed in TBS and incubated at room temperature with gentle agitation in TBS/gelatin/cations [TBS supplemented with 1% (w/v) gelatin, 1 mM each of MnCl 2 , MgCl 2 , CaCl 2 ] containing 0.1 mg/ml of DMA conjugated with biotin. After 1 h, the sheet was rinsed briefly twice with TBS containing 0.25% (v/v) Tween 20 (TTBS) supplemented with cations. This was followed by incubation in TBS/gelatin/cations containing extravidinalkaline phosphatase 0.5 µg/ml. After 1 h, the sheet was rinsed twice with TBS and washed four times for 15 min each with TTBS containing cations and then stained with 100 µg/ml Nitro Blue tetrazolium chloride (NBT) and 48.75 µg/ml bromo-4chloro-3-indolyl phosphate (BCIP) in 100 mM Tris-HCl, with 100 mM NaCl, pH 9.5. In other experiments, after the blocking and washing steps, blots were exposed to a variety of competing compounds for 1 h at room temperature at concentrations described in the Results section.
544
Localization of sperm binding sites for neoglycoproteins
Fluorescence microscopy Sperm binding sites for neoglycoproteins were analysed by use of commercial (Sigma Chemical Co) DMA-conjugated with fluorescein isiothiocyanate (FITC). The neoglycoprotein was obtained by allowing phenylisothiocyanate glycoside to react with serum albumin; the glycoside content was 15-20 residues per serum albumin molecule. DMA was labelled by reaction with FITC, and was found to contain two fluorescein groups per molecule according to supplier (Monsigny et al., 1984) . Samples of test spermatozoa were washed twice in MgCl 2 /HEPES buffer containing 30 mM HEPES, pH 7.0, 150 mM NaCl, 0.5 mM MgCl 2 and 1% (w/v) bovine serum albumin (BSA; fraction V, globulin free), supplemented with 20 mM CaCl 2 (Ca 2ϩ buffer), and incubated with FITC-DMA for 15 min at 37°C, 5% CO 2 (Benoff et al., 1993a,b) . The probe was used at a concentration of 0.2 and 0.4 mg/ml (v/v) in Ca 2ϩ -buffer. Spermatozoa were then washed twice with MgCl 2 /HEPES buffer without calcium, pipetted onto glass slides, briefly air-dried and mounted with glycerol-PBS (1/1, v/v). Aliquots of sperm suspensions were incubated for 30 min at 37°C, 5% CO 2 with a variety of competing compounds (see the Results section) in Ca 2ϩ buffer, before the incubation with FITC-DMA. The fluorescent pattern was visualized at ϫ630 magnification using a Zeiss phase-contrast microscope equipped with epifluorescence illumination (Zeiss Co, Oberchoken, Germany). The presence of fluorescent signal after probing with FITC-DMA was evaluated in at least 200 spermatozoa in each experiment.
Confocal laser scanning microscopy Spermatozoa with a fluorescent signal after incubation with fluorescinated neoglycoprotein, were analysed by a Sarastro 2000 Confocal Laser Scan Microscope (CLSM) (Molecular Dynamics, Sunnyvale, CA, USA) coupled with a Nikon Optiphot (Nikon, Tokyo, Japan). CLSM was equipped with an Argon ion laser tuned at 10% of 10 mW output and 488 nm wavelength to excite FITC fluorescence, and 514 nm wavelength to excite tetramethylrhodamine B isothiocyanate (TRITC) fluorescence. Serial optical sections were recorded at 0.3 µm focus steps, thresholded in order to remove background fluorescence and analysed after the application of Gaussian filtering. To analyse simultaneously the fluorescence for FITC and for TRITC, the two fluorochromes were excited and revealed on detector 1 and on detector 2 of CLSM; signals were opportunely separated by a series of filters and a beamsplitter. The nature of fluorochromes utilized causes a partial overlap of the two emission spectra with resultant contamination of revealed signals. To partially correct this effect, serial optical sections were analysed by an algorithm which subtracted from the signal of one channel, a fraction of the signal of the other channel; this resulted in the reduction of the contamination due to the overlap of the emission spectra.
Transmission electron microscopy A post-embedding streptavidin-biotin bridge technique (Bonnard et al., 1984) was used to localize the ultrastructural distribution of DMA-bs in the sperm head in motile spermatozoa selected by swimup, or in spermatozoa capacitated for 18 h as indicated. Samples were washed by centrifugation (380 g) for 20 min at 4°C in cold 100 mM cacodylate buffer, pH 7.4, and pellets were resuspended in the same buffer containing 2.5% (v/v) glutaraldheyde for 1 h at 4°C. After washing by centrifugation in cacodylate buffer, samples were dehydrated over 6 h in graded ethanol at -20°C and embedded in Lowicryl K4M at -20°C under long wavelength (360 nm) UV light (according to the manufacturer's instructions). Thin sections (800-1200 A) recovered on nickel grids were incubated for 15 min in 10 mM PBS, pH 7.2 containing 1% (w/v) BSA at room temperature and then washed three times by floating grids in PBS-1% BSA (5 min each). Grids were incubated with undiluted biotin-DMA for 30 min at room temperature. After three washes in PBS-1% BSA (5 min each) grids were incubated with 10% streptavidin-colloidal gold (10 nm) in PBS-1% BSA (v/v) for 1 h at room temperature. At the end of incubation, grids were washed three times in PBS-1% BSA, contrasted with uranyl acetate and lead citrate and viewed in a Zeiss 10 transmission electron microscope (Zeiss Co).
Localization studies
Each semen specimen was diluted with an equal volume of Ham's F10 medium supplemented with 0.35% BSA (v/w). After two washes by centrifugation at 600 g for 10 min to remove seminal plasma, the resulting pellet was overlaid with 0.5 ml Ham's F10 supplemented with 0.35% BSA and incubated for 1 h at 37°C under 5% CO 2 . The motile fraction (Ͼ85% progressive motility), was retrieved by swimup and utilized for fluorescence localization studies. These were performed on spermatozoa immediately after swim-up (non-capacitated) or after incubation in 0.35% BSA-supplemented-Ham's F10 at 37°C, 5% CO 2 for 18 h (capacitated). To evaluate DMA-bs in spermatozoa after induction of the acrosome reaction, samples were incubated with solubilized ZP (Bleil and Wassarman, 1980; Cross et al., 1988) . Mature human oocytes that showed no evidence of either two pronuclei or cleavage by 60 h after in-vitro fertilization (IVF) procedure, were placed in 1 M ammonium sulphate solution and stored at 4°C for 2-3 weeks. ZP were isolated mechanically by passing salt-stored human oocytes through a mouth pipette that had a diameter less than that of the oocyte (Cross et al., 1988) and ZP were then solubilized by treatment with 5 mM NaH 2 PO 4 , pH 2.5 (Bleil and Wassarman, 1980) . Mechanically isolated ZP (n ϭ 20) were rinsed by passage through a droplet of 5 mM NaH 2 PO 4 , pH 2.5, and then were transferred in a vial. The volume was adjusted to 20 µl with the same solubilizing solution and incubated for 1 h at 60°C in a humid chamber. Double-strength medium (20 µl medium, containing all components at twice the concentration of Ham's F10) containing 0.7% BSA, pH 7.4, were added, followed, 5 min later, by the addition of 10 µl of spermatozoa capacitated for 5 h (1ϫ10 5 spermatozoa/ vial). After incubation for 1 h at 37°C, 5% CO 2 , the spermatozoa were concentrated by centrifugation (600 g) for 10 min and the pellet was utilized for DMA localization studies. To evaluate the presence of intracellular DMA-bs, spermatozoa recovered after swim-up, were permeabilized by one cycle of freezing and thawing (Jones at al., 1988) and then incubated with fluorescinated neoglycoprotein.
Sperm membrane integrity
To assess the integrity of sperm membrane in DMA localization studies of non-capacitated, capacitated and acrosome-reacted spermatozoa, two different methods were utilized. In the first one, after incubation with FITC-DMA, spermatozoa were washed and then incubated with 1 µg/ml Hoechst 33258 for 1 min at room temperature (Francavilla et al., 1991) . Live spermatozoa were classified as those cells with heads unstained by Hoechst 33258, a supravital DNA-binding dye with limited permeability through intact cell membranes (Cross et al., 1986) . The uptake of FITC-DMA and of Hoechst 33258, were evaluated sequentially in each spermatozoon using the appropriate excitation filter for FITC and for Hoechst 33258. In the second method, sperm membrane integrity was evaluated by the hypo-osmotic swelling test (HOST) (Jeyendran et al., 1984) . Spermatozoa incubated with FITC-DMA were washed by centrifugation (600 g) in Ham's-F10 for 10 min and resuspended. Aliquots of 100 µl containing~500 000 spermatozoa were transferred to 1 ml of a hypo-osmotic medium, containing 7.35 g sodium citrate and 13.51 g fructose in 1 l of distilled water (w/v), and incubated at 37°C, 5% CO 2 for 1 h. Spermatozoa were then smeared on glass slides, briefly air-dried and mounted with glycerol-PBS (1/1, v/v). The fluorescence 545 pattern was then recorded on spermatozoa with a swollen area which enveloped a coiled tail (types d, e, and g, according to Jeyendran et al., 1984) ; a coiled tail being indicative of intact sperm membranes (Jeyendran et al., 1984) . Preliminary experiments showed that HOST performed after incubation with fluorescinated neoglycoprotein was not associated with a variation of the percentage of sperm heads which bound FITC-DMA (not shown).
Visualization of DMA-bs in acrosome-reacted spermatozoa To assess the acrosome reaction, HOST was followed by incubation of spermatozoa with a reagent of the acrosomal region (Aitken et al., 1993) . Pisum sativum agglutinin conjugated with TRITC (TRITC-PSA), was used as the reagent of the acrosomal content (Cross et al., 1986) . To assess the pattern of binding of spermatozoa to FITC-DMA during the acrosome reaction, sperm samples incubated with FITC-DMA were subsequently treated for HOST as previously described. Spermatozoa were then washed in Ham's-F10 by centrifugation, and 10 µl were pipetted on to a clean slide and air-dried. The slides were immersed in ice-cold methanol for 15 min at room temperature, then overlaid with TRITC-PSA at a concentration of 100 µg/ml in PBS for 30 min at room temperature, in the dark. The slides were gently washed with PBS and viewed with epifluorescence Zeiss microscope. The uptake of each marker was evaluated in spermatozoa with coiled tail, using the appropriate excitation filter for FITC and for TRITC.
Fertilization studies
Hamster egg penetration test (HEPT)
The sperm penetration assay enhanced with TES-Tris (TEST)-yolk buffer was performed as previously reported (Francavilla et al., 1997) . Briefly, motile sperm suspensions from three donors, obtained by swim-up procedure, were mixed with an equal volume of TEST buffer containing heat-inactivated chicken egg yolk and incubated at 4°C for 20 h. At the end of incubation, the mixtures were washed twice in Biggers-Whitten-Whittingam medium (BWW) (containing 1.7 mM CaCl 2 ) containing 0.3% BSA, and the pellets were resuspended in BWW, containing 3% BSA. Standard procedures were utilized for the recruitment and processing of hamster oocytes. Zonafree oocytes (19-25) were added to 500 000 spermatozoa in 100 µl under paraffin oil, in presence of neoglycoproteins and sugars (see the results section). After 3 h of coincubation at 37°C in an atmosphere of 5% CO 2 /95% air, the oocytes were fixed in picric acid/formaldehyde overnight and then stained with Giemsa. Ova were examined on a light microscope at ϫ400, for the evidence of swollen sperm heads. The number of penetrations per oocyte (penetration index; PI), and the number of spermatozoa attached to oolemma (binding index; BI) were recorded. The different parameters of evaluation were expressed as a ratio of PI and BI of oocytes and spermatozoa incubated with test compounds compared with controls. Figure 1A shows the protein pattern derived from the motile fraction of spermatozoa (extract) and from seminal plasma. Two main protein bands with molecular masses of~65 and 58 kDa were obtained from extracted spermatozoa in the molecular weight range 98-and 45 kDa, while the main protein components of seminal plasma, in the same molecular weight range, showed an electrophoretic mobility of~58 and 48 kDa. When blots of extracted sperm proteins in reducing conditions (1% v/v 2-mercaptoethanol), were probed with biotin-DMA, a positive band was detected with a molecular mass of 65 kDa ( Figure 1B, lane b) . Preincubation of the blots with DMA (0.1 mg/ml) inhibited the binding of biotin-DMA ( Figure 1B , lane c). Preincubation with a variety of saccharides (Jones et al., 1988) before probing with biotin-DMA, showed that yeast mannan (5 mg/ml; a branched homopolymer containing residues of α-D-mannopyranose) inhibited the binding of biotin-DMA ( Figure 1B, lane d) ; conversely D-mannose (2 mg/ ml) was ineffective as blocking agent ( Figure 1B, lane e) . Other monosaccharides such as L-fucose (2 mg/ml), or sulphated and non-sulphated polysaccharides such as dextran (molecular weight 10 000) (2 mg/ml; a linear polymer of α(1-6)-linked glucose units), dextran sulphate (10 mg/ml), or fucoidan (2 mg/ml; a backbone of α-1,2-linked fucose residues, with a sulphated group at the C4 position of fucose and terminal xylose and glucuronic acid moieties), were ineffective as blocking agents (data not shown). Finally, blocking with non-glycosylated proteins such as 3% (w/v) soybean trypsin inhibitor (SBTI) had no effect on the uptake of biotin-DMA. Blots of seminal plasma proteins did not bind biotin-DMA ( Figure 1B, lane f) .
Results
Identification of DMA-binding proteins in human spermatozoa
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Fluorescence microscopic visualization of binding sites for DMA in non-capacitated and in permeabilized spermatozoa and specificity of the binding activity
The analysis of motile fraction of spermatozoa showed that DMA-bs were concentrated in the equatorial segment and decreased over the posterior segment of the head. The sequential evaluation of binding sites for neoglycoproteins and nuclear permeability to Hoechst 33258, showed that DMA-bs were present only in spermatozoa with damaged membranes (Figure  2A-C) as already shown (Chen et al., 1995) , and in spermatozoa permeabilized by cold shock ( Figure 2D) . A mean of 94.2% (Ϯ1.1%) of permeabilized spermatozoa were observed to bind to FITC-DMA (200 spermatozoa were analysed in each experiment; n ϭ 5). A fluorescent signal was observed in the neck region, and in the principal piece of the tail of permeabilized or dead spermatozoa ( Figure 2C,D) . A spot-like fluorescence was occasionally observed in the acrosomal region of permeabilized sperm heads ( Figure 3A) . The observations documented an intracellular localization of binding sites for neoglycoproteins in ejaculated spermatozoa. To analyse the specificity of the interaction between DMA and its acceptor site(s) in permeabilized spermatozoa, samples were exposed to a variety of compounds before the incubation with 0.2 mg/ml of FITC-DMA (Table I; Figure 3 ). Incubation with non-glycosylated proteins such as SBTI, or with monosaccharides such as L-fucose and D-mannose ( Figure 3B ), had no competitive effect when the sugars were used at a concentration of 0.2 mg/ml. D-mannose and L-fucose had a competitive effect when preincubated at the concentration of 2.0 mg/ml (Table I) . Conversely, the binding of FITC-DMA was abolished when sperm samples were pre-incubated with DMA ( Figure  3C ,D) or with charged heteropolysaccharides such as fucoidan ( Figure 3E,F) , dextran sulphate (MW 10 000), chondroitin sulphate or heparin, while non-charged heteropolysaccharides such as dextran (MW 10 000) and mannan either had no competitive effect or a competitive effect only at high concentrations (Table I ). The acceptor site(s) for FITC-DMA operated in presence of free calcium and neutral pH.
Effect of capacitation and zona pellucida-induced acrosome reaction on expression of DMA-bs in the sperm head
Incubation of the motile fraction of spermatozoa in capacitating medium for 18 h, followed by probing with FITC-DMA, demonstrated the occasional presence of DMA-bs in the equatorial segment and in the post-acrosomal region of spermatozoa with intact membranes. A mean of 10.3% (Ϯ 3.5%, n ϭ 3) of intact (coiled tail after HOST) spermatozoa showed FITC-DMA-bs after capacitation. Motile spermatozoa capacitated for 5 h, and then incubated with solubilized ZP for 1 h, showed DMA-bs in 37.6% (Ϯ 2.1%, n ϭ 3) of sperm heads with intact membranes. The appearance of DMA-bs in sperm heads with intact cell membranes, after capacitation and after incubation with solubilized ZP, could be due to a translocation of the binding sites on the surface of the sperm heads or, alternatively, to the acrosome loss with subsequent exposure of intracellular DMA-bs. To analyse this point, spermatozoa capacitated for 18 h, and spermatozoa incubated with solubilized ZP after 5 h of capacitation, were sequentially treated with FITC-DMA, then with HOST and finally with TRITC-PSA to evaluate the presence of the acrosomal content. Live spermatozoa with an intact acrosome did not bind FITC-DMA ( Figure 4A,B) , while live acrosome-reacted spermatozoa showed a fluorescence for FITC-DMA restricted to the equatorial segment and post-acrosomal region ( Figure 4C,D) . A spot-like fluorescence in the acrosomal region was observed in scattered FITC-DMA-positive spermatozoa with intact membranes. This latter finding was properly analysed by CLSM.
Topographic localization of DMA-binding sites in human spermatozoa
The analysis of three-dimensional (3D) reconstruction by CLSM of fluorescence generated after incubation of permeabilized spermatozoa with FITC-DMA, showed two fluorescent areas localized in the lateral segment of the post-acrosomal region, with the highest intensity on the equatorial segment ( Figure 5A ). The analysis of fluorescence after a simulated rotation of the head, confirmed that the binding sites for FITC-DMA were concentrated to two restricted parallel intracellular domains ( Figure 5B ). The 3D reconstruction of fluorescence generated after incubation of capacitated spermatozoa with FITC-DMA revealed a fluorescent signal in spermatozoa with intact membranes (coiled tails after HOST) similar to that observed in permeabilized spermatozoa ( Figure 5C ). The analysis of fluorescent signals of spermatozoa incubated with solubilized ZP, then treated with FITC-DMA, and subsequently with TRITC-PSA to monitor the acrosome reaction, showed that the signal for FITC-DMA was not present in acrosomeintact spermatozoa ( Figure 5D ). Scattered spermatozoa with an initial acrosome reaction, evidenced by the presence of an irregular signal for TRITC-PSA in the acrosomal region, showed a fluorescence for FITC-DMA, localized in the equatorial segment, and post-acrosomal region, and also in the acrosomal region ( Figure 5E ). A signal for FITC-DMA was restricted to the equatorial segment and post-acrosomal region of spermatozoa with a complete acrosome reaction ( Figure 5F ).
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Ultrastructural localization of DMA-binding sites in human spermatozoa
The ultrastructural analysis was performed on thin sections of Lowicryl K4M-embedded motile spermatozoa incubated with biotin-DMA and then visualized after probing with streptavidin-colloidal gold. The omission of sample osmication did not allow a proper visualization of membranes. The localization of DMA-bs in a restricted area of the equatorial segment, detected by CLSM analysis, suggested that vertical sections of the sperm head equator, as evidenced by the ovoid shape of the nucleus, should be studied in order to visualize the whole equatorial segment. Analysis of results showed that colloidal gold particles were clustered to a restricted area of the equatorial segment of the acrosome, and in the subacrosomal space ( Figure 6A,B) . Gold particles were not clustered in the post-acrosomal region, but this could be due to the low sensitivity of the post-embedding technique, which detected DMA-bs only where they were maximally concentrated. The ultrastructural localization of DMA-bs in capacitated spermatozoa, detected colloidal gold granules clustered in the sub-acrosomal space in the equatorial segment of sperm heads with a dispersion of acrosome matrix ( Figure 6C,D) . Although the membranes were not properly visualized, the dispersion of the acrosome content was interpreted as a possible evidence of the initial acrosome reaction. The specificity of the reaction was suggested by the scattered single gold granules observed in sperm areas apart from the equatorial segment ( Figure 6C ). Omission of biotin-DMA before the incubation of thin sections with streptavidin-colloidal gold, was associated with the absence of gold granules.
Effect of neoglycoproteins and carbohydrates on hamster zona-free eggs penetration by human spermatozoa
The premise of these experiments is that the intracellular localization of DMA-bs in the equatorial segment of human sperm heads, and their exposure restricted to acrosome-reacted cells, may suggest a potential involvement of these sites in the sperm binding and fusion with oolemma. To test this hypothesis, DMA was incubated with spermatozoa and hamster zona-free eggs. The specificity of the possible inhibitory effect of DMA on hamster eggs penetration was tested by competitive experiments in which DMA was substituted with L-fucosylatedalbumin (LFA), D-mannose, sulphated and non-sulphated heteropolysaccharides (fucoidan and mannan respectively) (Table II) . At the concentrations used, the compounds tested did not show any detrimental effect on sperm motility. Only the incubation with DMA was associated with a significant inhibition of egg penetration relative to control, when compounds were tested at 0.2 mg/ml concentration (P Ͻ 0.000005, Mann-Whitney U test). The inhibitory effect of DMA was dose-dependent. The analysis of the different parameters of 548 the HEPT, indicated that the number of spermatozoa bound to eggs in presence of DMA was significantly lower than control eggs (BI ratio: 0.27 at DMA concentration of 0.2 mg/ml) (P Ͻ 0.000005, Mann-Whitney U test). At the same concentration of DMA, the egg penetration observed in the controls was completely abolished (PI ratio: 0; P Ͻ 0.000005, MannWhitney U test). The inhibitory effect of DMA on HEPT results did not occur when only the oocytes were preincubated with DMA (0.2 mg/ml), then washed, and finally coincubated with spermatozoa (test eggs/control eggs: 17/17; test PI/control PI: 11.6 Ϯ 1.9/11.5 Ϯ 1.8; test/control bound spermatozoa: 118 Ϯ 21.2/113 Ϯ 24.9).
Discussion
The 65 kDa protein isolated in this study, from human sperm extracts in reducing conditions, is a carbohydrate binding protein with an affinity for glycoproteins bearing more than one terminal mannose residue (DMA). The same affinity for DMA was also shown by carbohydrate-binding sites present in permeabilized spermatozoa. The monosaccharide should bear a protein backbone to specifically interact with sperm acceptor sites and with the 65 kDa protein. This was demon- Table I . Specificity of binding of permeabilized human spermatozoa to fluorescein isothiocyanate-D-mannose coupled to albumin (FITC-DMA). Spermatozoa were exposed to a variety of competing compounds before being incubated with 0.2 mg/ml of FITC-DMA. 549 strated by the observation that D-mannose and other monosaccharides, did not compete effectively with binding of DMA to human spermatozoa and to isolated sperm proteins. Moreover, the sugar terminal of the glycoprotein seems to interact with the sperm ligand(s), since non-glycosylated proteins had no competitive effect on binding of DMA to permeabilized spermatozoa and to extracted proteins. The DMA-binding activity of human sperm heads was also specific for a polysaccharide structure containing different charged sugar residues. The reduction of the intermolecular disulfide bonds of sperm proteins as well as protein denaturation, was associated with a loss of affinity binding for complex ligands containing charged sugar residues. Under these conditions, the mannose residues, either coupled with a protein (DMA), or organized in a polysaccharide structure (mannan), seem to be required for recognition. It is possible that the association of multiple polypeptides, as reported for secreted mannose binding proteins (Drickamar et al., 1986) , is required to achieve high affinity binding of complex ligands. The affinity for charged sugars shown by carbohydrate binding sites of the sperm heads but not by the 65 kDa sperm protein evaluated by SDS-PAGE, suggests that ionic forces are involved in the in-vitro interaction between the sperm proteins and sugar moieties of their natural ligands, providing a definite organization of carbohydrate recognition domains of sperm proteins. The sugar specificity evidenced by competitive studies, suggests that human sperm carbohydrate binding sites might be lectin-like proteins. Lectinlike proteins with specificity for a multivalent polysaccharide structure containing charged sugar residues or for multiple monosaccharides bound to a protein, include 'bindin', a spermspecific protein of sea urchin (Vacquier and Moy, 1977; Glabe et al., 1982) , and a 53 kDa sperm specific protein extracted in non-reducing conditions from boar spermatozoa and identified as proacrosin (Jones and Brown, 1987; Jones, 1991) . The major question is the identification of the natural ligand for DMA-bs present in human sperm heads and the potential physiological role of this interaction. Both our own, and previous studies have shown that carbohydrate binding sites are not expressed on the surface of live human non-capacitated spermatozoa (Benoff et al., 1993a,b; Chen et al., 1995) , and boar sperm heads (Jones et al., 1988) . When spermatozoa were submitted to 18 h of capacitation, DMA-bs were expressed in a fraction of live sperm heads, and this has been interpreted in previous studies, as the evidence of relocation of putative carbohydrate receptors on the surface of sperm heads from a sub-plasmalemmal storage (Benoff et al., 1993a,b) . The present study showed that the expression of DMA-bs in live sperm heads after 18 h of capacitation, was associated with a partial or complete loss of acrosomes. The analysis of spermatozoa incubated with solubilized ZP in order to induce a physiologic acrosome reaction (Bleil and Wassarman, 1980; Cross et al., 1988) confirmed that DMA-bs are substantially expressed by spermatozoa with an initial or complete acrosome loss. Therefore DMA-bs on human sperm heads are segregated in the intracellular compartment, and are localized to a restricted domain of the equatorial segment, while they are progressively reduced over the post-acrosomal region. DMA-bs are available to their natural ligand in live cells, only in acrosome-reacted spermatozoa. An intriguing finding was that during the initial loss of the acrosomal content, DMA-bs were expressed also in the anterior acrosomal region of scattered sperm heads. This localization disappeared in spermatozoa which had lost the acrosome, suggesting that during the initial phase of the acrosome reaction, there might be a temporary and partial redistribution of DMA-bs in the acrosome compartment. This is not a novel finding since a migration of antigens, in different domains of the cell membranes in the male gamete during fertilization, has been well documented (Myles and Primakoff, 1984) . The ultrastructural localization of DMA-bs in the acrosome was not demonstrated, but this could be due to its scattered occurrence as reported in epifluorescence microscopy studies. The exposure of DMA-bs only in live acrosome reacted human sperm heads, suggests that the putative sperm lectin-like receptor might be operative during fertilization, when the interaction between sperm heads and ZP has been established. The localization of DMA-bs to the equatorial domain of human acrosome-reacted sperm head suggests a potential involvement of these sites in sperm-egg fusion. Interaction and fusion with the egg oolemma begins in fact in the equatorial segment of the sperm head (Bedford et al., 1979; Wassarman, 1987) . The results of competitive inhibition of sperm penetration through hamster zona-free eggs operated by DMA, suggest that the glycoprotein may interfere with the adherence phase of fusion process, since the number of spermatozoa adherent to eggs, in presence of DMA, was significantly lower than controls. Conversely, the total abolition of egg penetration suggests that the fusion sequence was also inhibited by DMA. The inhibitory effect of DMA was not observed when oocytes were pre-exposed to the neoglycoprotein and subsequently washed before incubation with spermatozoa, suggesting that DMA had to be present in the coincubation medium in order to be inhibitory. The involvement of DMA in sperm-egg fusion was tested through the use of TESTyolk buffer-enhanced HEPT (Mortimer, 1996) . Incubation of spermatozoa in TEST-yolk buffer at low temperature promotes intracellular accumulation of Ca 2ϩ ions ([Ca 2ϩ ] i ) due to a dramatically reduced activity of calcium pump; moreover the egg yolk phospholipids intercalate into the membranes, making the spermatozoa highly labile so that, upon restoring physiological temperature, the elevated [Ca 2ϩ ] i triggers a synchronized acrosome reaction (Jacobs et al., 1995; Mortimer, 1996) . DMA does not influence the acrosome reaction (Chen et al., 1995) , although an inductive effect on the acrosome reaction 552 by DMA has been recently proposed . In our experiments, the neoglycoprotein was coincubated with spermatozoa and oocytes when molecular events leading to the acrosome reaction had already been activated by incubation with TEST-yolk buffer. Therefore the inhibitory effect of DMA on HEPT results was not related to an interference on the acrosome reaction. These functional data reinforce the hypothesis that DMA-bs in human sperm head are involved in the fertilization process, downstream of the acrosome reaction, and support a role for carbohydrate binding sites in the interaction and fusion with oolemma. The competitive inhibition of HEPT caused by DMA was dose-dependent and highly specific. Neither a neoglycoprotein bearing L-fucose instead of D-mannose, nor monosaccharides, nor charged and noncharged polysaccharides (fucoidan and mannan respectively) showed a competitive effect on HEPT. Therefore, in the in-vitro conditions of sperm-heterologous zona free-egg interaction, carbohydrate binding sites of human sperm head specifically interact with mannose residues of egg glycoproteins, and this seems to be required for binding with oolemma and for the fusion event. The proteins involved in the fusion process between spermatozoa and egg lipid bilayers are largely unknown. Studies performed in rodents have focused on fertilin, a glycoprotein localized to the equatorial region (mouse) or posterior head region (guinea pig) of the sperm plasma membrane (Primakoff et al., 1987) . Fertilin is the first of a growing number of sperm proteins, suggested to function in fusion, by binding to an integrin of the egg plasma membrane (Almeida et al., 1995) , through an integrin ligand domain with the disintegrin motif (Blobel et al., 1992; Wolfsberg et al., 1995) . Integrins are also detected in human oocyte plasma membrane (Fusi et al.,1993) , and recognize the amino acid sequence Arg-Gly-Asp (RGD), present in proteins localized in capacitated human sperm heads (Fusi and Bronson, 1992) . Whether or not the carbohydrate binding sites observed in human sperm heads are related to sperm proteins with an integrin ligand domain, might be the object of future research.
